Introduction
The development of analytical technologies has enabled a lot of surface elements on to be measured, for example, by use of X-ray fluorescence (XRF), X-ray photoelectron spectrometry (XPS), and secondary ion mass spectrometry (SIMS). Each of the different methods of analysis have both merits and demerits; for example, information on chemical bonding cannot be obtained by XRF or SIMS. Of surface analysis methods, X-ray absorption spectroscopy (XAS) with use of a synchrotron radiation source has been utilized in various research fields to examine the local structure and electronic state of a sample. Other acronyms, such as XAFS (X-ray absorption fine structure), NEXAFS (near edge X-ray absorption fine structure), and XANES (X-ray absorption near-edge structures) are often used. XAS is of higher sensitivity with some elements than XPS, with the necessary duration for the measurement being very short. However, the method has not been used in quantitatively estimating elemental concentrations. A previous work used the edge-jump ratio of Ar K edge on XAS as an index for the concentration of Ar. 1 The amount of atoms implanted in the target material need to be measured using the appropriate type of mass spectrometry to determine its accurate concentration. However, the measurements completely destroy the sample because the sample has to be totally pyrolyzed in an ultra-high vacuum or totally dissolved in acids. In order to improve upon these negative factors, this paper concerns the development of original methods of quantitatively estimating elemental content and layer thickness using the edge-jump of XAS. Note that the methods proposed in this work are theoretical models and should be verified by experiments in future work.
Before explaining the methods of estimation the experimental conditions of the XAS performed using synchrotron radiation will be briefly explained. First, all the calculations discussed in this paper assume that the angle of the X-ray is surface normal.
Second, the ion implantation is also conducted at the surface normal angle. Third, the surface of all the samples are completely plane.
Estimation Method
In order to measure the concentration of atoms near the surface, a convenient method of estimating the elemental content is developed using the K edge-jump ratio of XAS. Three cases are assumed here: (1) homogeneous solid material, (2) thin film on plane substrate, (3) atoms implanted into a planar substrate.
In the cases of (2) and (3), the elemental composition of the substrate has to be known before the estimation can take place. If a pure material such as a pure metal, an alloy with an already-known composition, or a high purity silicon wafer, is used, the elemental composition of the target material can be easily determined.
When a material with an unknown composition is used, its elemental composition has to be determined with an appropriate method of analysis, for example, inductively coupled plasma mass spectrometry (ICP-MS) or instrumental neutron activation analysis (INAA).
If the elemental composition of the material is inaccurate, the degree of uncertainty will directly affect the accuracy of the estimation given below. However, this is generally only a minor problem in most cases because a material is used that is already known.
If the surface concentration of element A is calculated, the concentration can then be estimated using the edge-jump ratio, defined as Ion/Ioff where Ion and Ioff represent the intensities of the resonant and nonresonant X-ray absorption, respectively. Such rates are calculated from the two regression lines shown in Fig. 1 . The two lines are calculated using the least squares method and the appropriate function, for example, the Victoreen formula. With this method, the X-ray absorption fine structure is completely ignored. Ion/Ioff is described as follows using absorption coefficient (μ) and thickness of the sample (t): This work concerns the development of quantitative estimation techniques using the K edge-jump ratio of X-ray absorption spectrum recorded through total-electron-yield measurements. The three methods of calculation methods proposed here can be used to estimate (1) the bulk elemental composition of homogeneous solid materials, (2) the thickness of the thin layers, and (3) the amounts of atoms implanted by certain acceleration energies. The estimations are based on theoretical photoelectron cross sections of elements, the Auger electron effective range calculated using the stopping power of electrons, and the depth profiles of the elements. 
The relative content of A can be estimated using the magnitude of the edge jump of the XAS appearing with the K-edge absorption. Since the absorption coefficients can be expressed by the concentration and photon cross sections of each element, the XAS is simply composed of the combination of the spectra of A and the matrix elements given in the equation below for the transmission measurement, if the sample is very thin.
Where, IAon is the intensity of resonant absorption of element A, IAoff the intensity of nonresonant absorption of element A, IX the intensity of absorption of matrix element X at the energy of K-edge absorption of A, CA the concentration of element A, CX the concentration of matrix element X. Each I corresponds to each photoelectric cross section. CA and CX are mass fractions. A relational equation between the concentration of A and the edge-jump ratio is necessary to estimate the concentration of A. Even if the matrix element (X) is composed of only one element, the relational expression still needs to be prepared.
A total-electron-yield current measurement can record near-surface XAS. If a planar sample is thick and/or the back surface electron current is suppressed the spectrum obtained with the measurement agrees with that of the transmission method. However, the spectrum obtained with a total-electron-yield measurement does not reflect the surface-most composition of the sample because the measurement can detect the atoms at more than ten nm deep. The spectrum recorded with that method, therefore, is also ruled by the depth profile of the element. If the element exists as thin layers the magnitude of the edge-jump directly correlates to the thickness of the layers. 
Estimation of Elemental Concentrations in Homogeneous Material
If the sample is homogeneous and thin enough to measure a transmission spectrum the edge-jump ratio can easily translate to being used as information on the elemental concentration with use of Eq. (2). Table 1 provides the edge-jump ratio of eight elements in a Fe alloy calculated using a theoretical photon cross section. 3 The elemental concentration can be estimated using the edge-jump ratio, with, however, the accuracy of the estimation being dependent on the magnitude of the edge-jump ratio. The concentration of an element that does not have an edge-jump within the range of photon energy of the optical apparatus cannot be determined using this method.
It is considerably more complex to extract the quantitative information from a spectrum obtained using a total-electron-yield current measurement than from one using a transmission measurement, because the electron current recorded with the method reflects all the electron emission events. In the measurement primary, Auger, and secondary electrons contribute to the total electron yield current, and the three types of electrons also have different kinetic energies and mean free paths. However, inelastically scattered Auger electrons are the main contributors to the total electron yield, because primary electrons have low kinetic energy and can not effectively generate secondary electrons. It is generally thought that total electron yield is dominated by a lot of secondary electrons generated by Auger electrons.
The model developed by Erbil et al. is adopted for use in the calculations. 4 The calculations express the contribution to the secondary-electron-yield current per Auger electron at depth x0 with effective penetration range R of the Auger electrons taken as follows:
N: number of secondary electrons of average energy ε produced by each Auger electron with initial energy of E. Therefore, N = E/ε. α -1 : secondary electron escape length. Since the secondary electron yield current is contributed to by the KLL Auger process, the LMM Auger process, and the photoelectrons, the total current is as follows: 
The Auger electron range R is the distance over which Auger electrons travel and deposit their excess energy through inelastic scattering. R can be calculated using the continuous slowing down approximation. 5 The range with the different kinetic energy can be expressed using the function of the energy-dependent stopping power S(e) as follows:
When the sample is a homogeneous material, for example an alloy, the effective Auger range does not depend on the depth of the sample. In addition, the near-surface composition corresponds to the bulk composition. The edge-jump ratio of element A is thus related to bulk concentration CA as follows:
where i(x0)A and i(x0)X denote the total secondary electron yield as in Eq. (5). Figure 2 displays the theoretical relationship between the edge-jump ratios of Fe and Ni K-edge in a variety of Fe-Ni compositions. α -1 = 5 Å and ε = 8 eV, which are empirically determined, are adopted here according to Erbil et al. 4 The Auger electron effective ranges are calculated from the stopping powers calculated by a statistical model. 6 The numbers of secondary electrons generated by the KLL and LMM Auger processes are calculated using Auger and fluorescence yields and experimental K and L X-ray emission rates. 7, 8 Since the edge-jump ratio of Fe K-edge varies in the wide range of 0 to 7.67, estimating the composition of the alloy system is relatively easy. This method can also be applied to the various alloy system and solid solution series.
Estimation of Layer Thickness
The edge-jump ratio method can be applied in estimating the layer thickness. For example, when a thin copper layer exists on silicon, two electron generation processes need to be considered: (1) electrons being generated in the Cu layer and then escaping through the layer, and (2) electrons being generated in the Si and then escaping through the Si and Cu. The former process can be easily expressed but the latter is relatively complex. R becomes a function of the thickness of copper (x) as follows.
RCu and RSi are the effective penetration ranges of Auger electrons generated in Si through Cu and Si, respectively. R is thus defined as a typical effective distance of Auger electrons generated in Si substrate at x0 Å deep. If R and N can be determined, the edge-jump ratio can then be expressed using i(x0) as follows:
ICuon and ICuoff are the photoelectric cross sections of the resonant and nonresonant absorption of the K-edge of Cu. ISi provides the photoelectric cross section of absorption of Si at the energy level. Figure 3 presents the theoretical K-edge jump ratio of Cu at 8.98 keV versus the thickness of Cu layer. When the Cu layer is thinner than 150 Å, the thickness of the Cu layer can be estimated using the edge-jump ratio.
Estimation of Incident atoms
The method can also be used to estimate the amount of ions of a certain energy implanted into a target material. As shown in the introduction, it is necessary to destroy the sample to determine the amount of atoms implanted in the target material accurately. On the other hand, this method does not destroy the sample. If the distribution function of injected atoms N(x0) can be acquired the edge-jump ratio can be related to the amount of incident atoms. The probability distribution function of the atoms can be defined as follows: N(x0) can usually be calculated using SRIM code. When Ar ions with specific acceleration energy are implanted into Si, the secondary electron yield due to implanted, Ar j(x0)Ar, can be expressed as follows: Figure 4 gives an example. Ar ions are injected into Si using the 3 keV acceleration energy in Fig. 4a . The edge-jump ratio becomes a simple linear function of the weight of implanted Ar (Fig. 4b) . Please note that the effects of thermal diffusion and surface ablation are completely ignored. If those factors were to be taken into consideration, N(x0) would need to be changed to a relevant function that includes them.
Conclusion
Quantitative methods using the edge-jump ratio of XAS with total-electron-yield measurements were developed. The methods can theoretically estimate the bulk elemental composition of solid materials, the thickness of thin layers, and the amount of incident atoms. Although the ideal examples were used in this paper, the methods could be applied as new analytical techniques for surface measurements. The biggest advantage of the methods is that no reference material is required. Even if it is very difficult to prepare the reference material, the amount of incident atoms and the layer thickness can be estimated by the method. 
